Reduced-sodium, increased-potassium salt substitutes lower blood pressure but may also have direct effects on vascular structure and arterial function. This study aimed to test the effects of long-term salt substitution on indices of these outcomes. The China Salt Substitute Study was a randomized, controlled trial designed to establish the effects of salt substitute (65% sodium chloride, 25% potassium chloride, 10% magnesium sulfate) compared with regular salt (100% sodium chloride) on blood pressure among 600 high-risk individuals living in six rural areas in northern China over a 12-month intervention period. Data on central aortic blood pressure, aortic pressure augmentation (AUG), augmentation index (AIx), the differences of the peak of first and baseline waves (P 1 -P 0 ) and pulse wave reflection time (RT) were collected at randomization and at the completion of follow-up in 187 participants using the Sphygmocor pulse wave analysis system. Mean baseline blood pressure was 150.1/91.4 mm Hg, mean age was 58.4 years, 41% were male and three quarters had a history of vascular disease. After 12 months of intervention, there were significant net reductions in peripheral (7.4 mm Hg, P¼0.009) and central (6.9 mm Hg, P¼0.011) systolic blood pressure levels and central pulse pressure (4.5 mm Hg, P¼0.012) and correspondingly there was a significant net reduction in P 1 -P 0 (3.0 mm Hg, P¼0.007), borderline significant net reduction in AUG (1.5 mm Hg, P¼0.074) and significant net increase in RT (2.59 ms, P¼0.001). There were no detectable reductions in peripheral (2.8 mm Hg, P¼0.14) or central (2.4 mm Hg, P¼0.13) diastolic blood pressure levels or AIx (0.06%, P¼0.96). In conclusion, over the 12-month study period the salt substitute significantly reduced not only peripheral and central systolic blood pressure but also reduced arterial stiffness.
INTRODUCTION
Central aortic blood pressure levels are determinants of cardiac loading and perfusion. They impact significantly on cardiovascular function and increased pulse pressure reflects stiffening of conduit vessels. 1 Elevated pulse pressure is associated with an increased risk for coronary artery disease, 2 stroke 3 and the development and progression of heart failure. 4 In addition to the pressure levels, the arterial pressure waveform conveys information regarding systemic vascular stiffness. 5 Arterial stiffness increases with age, causes increased left ventricular after load and is an independent predictor of cardiovascular morbidity and mortality. 6, 7 The aortic augmentation index (AIx) is widely used as an indicator of arterial stiffness and itself is a strong predictor of change in left ventricular mass index 8 and mortality. 9 The European Society of Hypertension recommends that the evaluation of new blood pressure-lowering treatments should include assessment of effects on novel hemodynamic factors such as arterial stiffness. 10 Excess salt consumption is widely considered to be a leading cause of both short and long-term increases in blood pressure 11, 12 and effects may be mediated through both volume expansion and changes in arterial structure and function. Salt substitutes with reduced sodium and increased potassium substantially lower blood pressure. [13] [14] [15] There are some limited data to suggest that long-term consumption of a diet low in salt may reduce arterial stiffness independent of blood pressure reduction 16 although data from high-risk individuals with existing vascular disease are few. There are also data showing positive correlations of sodium intake 17 and negative correlations of potassium intake 18 with arterial stiffness providing a strong rationale for beneficial effects of salt substitution beyond blood pressure lowering although once again data about effects in high-risk individuals are limited. In this study done among a subset of participants in the China Salt Substitute Study (CSSS), 19 most of who had evidence of existing vascular disease, we sought to determine the long-term effects of salt substitute on arterial stiffness and to test the hypothesis that salt substitution has medium term effects beyond just volume depletion in this patient group.
METHODS
The design and results of the CSSS have been published previously. 19 In brief, the study was a double-blind, randomized, controlled trial which clearly demonstrated the blood pressure lowering effects of a reduced-sodium, highpotassium salt substitute among 607 individuals at elevated risk of cardiovascular disease living in rural China. The study was done between May 2004 and August 2005 at 39 sites distributed among six regional coordinating centers in Northern China (Heilongjiang, Tianjin, Liaoning, Shanxi and two centers in Beijing). All participants in the main trial and the 187 in this substudy (conducted at the two centers in rural/suburban Beijing) provided informed consent. The main trial received ethic approvals from the University of Sydney, Australia and the Fu Wai Hospital, Beijing China and this substudy approval from Fu Wai Hospital. The trial was registered with http://clinicaltrials.gov/ with the Identifier: NCT00145756.
Participants
Individuals were eligible for the study if they had a high risk of future vascular disease based on a doctor's diagnosis of any of the following: (1) coronary, cerebral or peripheral vascular disease, (2) diabetes and aged 55 years or older or (3) a systolic blood pressure X160 mm Hg. In addition all participants were required to have an estimated daily sodium intake of 260 mmol day À1 or more and an expectation that at least half of the dietary salt could be replaced with the study salt-substitute/salt. This was done in an effort to recruit a group with an above average salt consumption and thereby maximize the power of the study to detect effects of the salt substitute on the various outcome measures. Finally participants were required to have no established clear indication for, or contra-indication to, the use of the study salt substitute, such as use of a potassium-sparing medication or significant renal impairment. A blood test was performed at registration and randomization to check serum creatinine and potassium levels before and after the active 1 month run-in period, during which all potential participants used the salt substitute. Any individual with a blood test result considered by the responsible physician to be possibly abnormal was excluded.
Randomization
Randomization was undertaken after the one-month run-in period using a central computerized randomization service accessed by the center physicians through the study website, with a back up phone and fax service. The service was maintained by the Clinical Trials Research Unit at the University of Auckland, New Zealand. Randomization was stratified within each center by baseline systolic blood pressure (o140 mm Hg, 140-160 mm Hg, 4160 mm Hg) and current use of antihypertensive therapy. The randomization service provided a unique number for each individual corresponding to a treatment pack held at the center. Treatment allocation was blinded to study investigators, participants and center physicians until the study database was locked.
Study treatment
Salt substitute was given to all participants for the run-in period and then either salt substitute or normal salt to those participants who were randomized ( Figure 1 ). The salt substitute was 65% sodium chloride, 25% potassium chloride and 10% magnesium sulfate. This formulation is commercially available in China and had been tested previously. 13 The normal salt was 100% sodium chloride. Randomized treatment was delivered in 1 kg bags identical except for a 3-digit code corresponding to the randomization number, with up to 3 kg a month salt substitute/salt available to each randomized participant to cover all cooking, pickling and other uses within the household. Participants were instructed to use the study salt for all food preparation throughout the study duration.
Data collection
Potentially eligible individuals attended a registration visit with the physician at the center where informed consents were obtained, a baseline questionnaire was completed, a brief physical examination was performed and a blood sample was collected. Individuals consenting to participate in the trial were entered into the active run-in period and instructed to return for a final eligibility check 4 weeks later. Eligible participants who attended the next scheduled visit were randomized. Peripheral blood pressure measurements were made at registration, randomization, 1, 2, 3, 6, 9 and 12 months post randomization visits, and then centrally entered into a password-protected study website in Beijing. Additional data on central aortic blood pressure, aortic pressure augmentation (AUG) and AIx were collected at the randomization visit and the 12-month follow up visit.
Outcomes
The primary outcomes of the pulse wave analysis were central aortic blood pressure including central systolic blood pressure (CSP) and central diastolic blood pressure (CDP) and central pulse pressure (CPP), P1, reflection time (RT), AUG and AIx. The analysis was of central waveforms derived from radial measurements. CPP and P 1 were respectively computed by the following formulas: CPP¼CSP-CDP and P 1 ¼CSP-AUG. The secondary outcomes included peripheral systolic blood pressure (PSP) and peripheral diastolic blood pressure (PDP) ( Figure 2 The illustration of the pulse wave and the augmentation index. AUG (aortic pressure augmentation) ¼P 2 -P 1 . P 2 is the peak of secondary waves, in other words, central aortic systolic blood pressure. P 1 is the peak of first wave. P 0 is central diastolic blood pressure. RT means 'Reflection Time'.
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Peripheral blood pressure was recorded using an OMRON HEM-770A automatic sphygmomanometer and was measured in the right arm with participants seated at rest for at least 5 min beforehand. The mean of two measurements made at least 2 min apart was used for analysis. Validity of the Omron HEM-770A electronic device against a calibrated mercury sphygmomanometer was done according to British Hypertension Society guidelines among 85 volunteers aged 15 to 80 prior to commencement of the study with the Omron meeting grade A BHS-criteria. Central aortic blood pressure, AUG and AIx were estimated through noninvasive pulse waveform analysis using the Sphygmocor device (AtCor Medical Ltd., Australia). 7 After an overnight fast, participants were seen at the clinic between 0800 and 1000 hours and rested in a sitting position for at least 5 min before the pulse waveform analysis measurements were undertaken. Peripheral pressure waveforms were recorded from the radial artery at the wrist, using applanation tonometry with a high-fidelity micromanometer. The parameters indicating wave reflection were AUG and AIx. AUG was defined as the difference between the peaks of the secondary and primary waves (AUG¼P 2 -P 1 ). AIx was defined as the ratio of AUG to the differences of the peak of secondary and baseline waves (AI¼AUG/(P 2 -P 0 )). After 20 sequential waveforms had been acquired, a validated, mathematic transfer function was used to generate the corresponding central aortic pressure waveform and central hemodynamic parameters including AIx, CSP, CDP and CPP. 20 This method was previously validated by invasive measurements. 21 Only high quality recordings, defined as an in-device quality index X80% and acceptable curves on visual inspection by the investigator, were considered valid and data from five patients were excluded as they did not meet these criteria. Wave reflection was recorded two times at each clinical visit and the mean of two valid measurements was used for analysis. All pulse wave measurements were done by one person, trained by an expert. A test-retest study done in 20 individuals to determine the reproducibility of augmentation index measurements showed a difference of 0.3% (s.d. 0.8%, P¼0.2) indicating that pulse wave measurement was highly reproducible.
Statistical method
We used data collected at the randomization and 12-month visits to evaluate the effects of the intervention on the primary outcomes but used data from all visits to plot the figure showing changes in PSP and PDP during the trial. Intention to treat analysis was used and all analysis was performed using the SPSS statistical package, version 11.5 (SPSS Inc., Chicago, IL, USA). Student's paired tests were used to test the changes from randomization to follow-up within each of the two randomized groups and student's unpaired tests to compare the differences between the two groups. For continuous variables that were not normally distributed the analysis was done using either the MannWhitney U-test or the Wilcoxon test. The Analysis of Variance method was used to compare the changes between groups in blood pressure from randomization to 12 months with adjustment for the baseline value. w 2 tests were used to compare the proportions of categorical variables between groups. A probability of Po0.05 was considered statistically significant.
RESULTS
In the two participating centers in Beijing there were a total of 200 participants registered and entered into the run-in phase and there were 192 (96%) individuals randomized ( Figure 3 ). The reasons why the eight participants were excluded during run-in were stroke (n¼1), reluctance to continue (n¼3) or other unknown reasons (n¼4). All
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Allocated to normal salt n =97 Salt substitute and pulse wave analysis J Hu et al 192 participants had baseline measurements of the primary outcome but five assessments (regular salt group¼3, salt substitute group¼2) were subsequently found to be of inadequate quality leaving 187 valid baseline pulse wave records. Three people in the control group were not available for 12-month follow-up measurements (suicideÂ1, heart failureÂ1, gastric hemorrhageÂ1) as were two people in the salt substitute group (strokeÂ1, relocationÂ1). As such 182 of the 192 randomized participants had complete and valid wave reflection records at randomization and follow-up (94%). The mean age of randomized participants was 58.4±9.6 years, 41% were male and 77% had a baseline history of vascular disease. All participants reported that they used study salt substitute/salt for 'all' or 'nearly all' of their day to day food preparation with no difference between randomized groups (P¼0.88). Key baseline characteristics including SBP and DBP were balanced between the randomized groups (all P40.05) ( Table 1) The mean peripheral blood pressure difference between randomized groups at the end of the trial was 7.4 mm Hg (95% confidence interval 1.9-13.0 mm Hg; P¼0.009) systolic and 2.3 mm Hg (0.7-5.3 mm Hg; P¼0.139) diastolic. The changes of mean peripheral blood pressure during 12 months of intervention were illustrated in Figure 4 . Table 2 summarizes mean values (s.d.) of hemodynamic parameters at randomization and 12-month visit and the changes in each group. Comparison of the changes between groups was also made. To adjust for the effect of baseline levels on the changes, the net changes of each variable from randomization to the 12-month visit between salt and salt substitute groups were calculated with multiple variable analysis of variance ( Figure 5) . The results showed that there were significant net reductions in central systolic blood pressure levels (mean 6.9, 95% confidence interval 1.6-12.3; P¼0.011), mean central pulse pressure (4.5, 1.0-8.0; P¼0.012), mean P 1 -P 0 (3.0, 0.8-5.2; P¼0.007), and a borderline net reduction in AUG (1.5 mm Hg, À0.1À3.2; P¼0.074) but there was a significant increase in RT (2.59 ms, 0.76-4.42; P¼0.001) in salt substitute group. There were no detectable reductions in central diastolic blood pressure levels (2.4 mm Hg, À0.7-5.5; P¼0.13) or AIx (0.06%, À2.2-2.3; P¼0.96).
There were no significant differences in the proportion of participants using drugs for blood pressure lowering at baseline or follow-up (data not shown). Repeating all analyses in those patients who either never used blood pressure lowering drugs or used such drugs constantly throughout the study did not produce different results (data not shown).
DISCUSSION
This study performed using a subset of participants in the main China Salt Substitute Study 19 adds substantially to our understanding of the mechanism by which a reduced sodium, added potassium salt substitute affects arterial hemodynamics in patients with established vascular disease. Specifically, the assessments completed here show that the short to medium term use of the salt substitute are not only reducing blood pressure, both peripheral and central, but also arterial stiffness after 12 months of intervention. To our knowledge, this is the Salt substitute and pulse wave analysis J Hu et al first report that found such effect of a low sodium and high-potassium salt substitute on arterial stiffness.
Prior small scale intervention studies of effects of dietary sodium restriction shows that salt intake is associated with arterial stiffness 16, 22 and the study done by Stewart et al. 23 shows that acute reduction of blood pressure by nitroglycerin normalizes large artery stiffness in normortensives but does not normalize that in essential hypertension, suggesting that the latter group requires long-term intervention to change arterial stiffness. Studies of pharmacological blood pressure lowering interventions have also shown the similar effects. [24] [25] [26] Diuretics, which have some commonality with salt substitute in terms of their primary mechanism of action decreased blood pressure and slowed the pulse wave after long term use. 27 Our study demonstrated that the 12 months salt substitute use could produce the similar effects and also suggested that arterial stiffness may be modified even in the patients with already severely impaired vasculature, by long-term Abbreviations: AIx¼ aortic pressure augmentation index; CPP¼central pulse pressure; DBP¼diastolic blood pressure; HR¼ heart rate; RT¼reflection time; SBP¼systolic blood pressure. P 1 was the peak of first waves, P 1 ¼P 2 -AUG. P 0 was central diastolic blood pressure. P* for changes before and after intervention comparisons. P# for comparisons of the changes between intervention groups.
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RT ( Salt substitute and pulse wave analysis J Hu et al intervention. Limited resources precluded the collection of 24 h urine specimens and this constrains our capability to study whether the effect was attributed to the reduction of sodium intake or the increase of potassium intake and by how much. The response of the vasculature to different blood pressure-lowering interventions varies throughout the arterial tree and these differences are not always captured by measures of peripheral blood pressure. 28, 29 The effects of the salt substitute on central blood pressure demonstrated here provide further support for the expectation that salt substitution will provide vascular protection. 19 As there are observational data linking central blood pressure more closely than peripheral blood pressure to target organ damage 30 our findings on the effects of salt substitute on central blood pressure make a strong argument for beneficial effects beyond those that might be anticipated on the basis of the falls in blood pressure documented by brachial measurements. The same is true for the observed effects of the salt substitute on central pulse pressure, a measure that while strongly associated with the risk of death 31 it is also associated closely with vascular disease outcomes. 32 The salt substitute used in the study (65% sodium chloride, 25% potassium chloride and 10% magnesium sulfate) would theoretically replace 35% of total salt intake in the intervention group. In the study reported here, the participants were all from Beijing, where the sodium intake was on average 275 mmol day À1 according to our previous study. 33 This means there should be 96 mmol day À1 of sodium being replaced on average in theory. To maximize the use of salt substitute, we required, as a criteria for entry into the study, the participants must eat at least two of the three meals per day at home. However, we could not know exactly how much of sodium was reduced, although all participants (100%) reported that they used study salt substitute/salt for 'all' or 'nearly all' of their day to day food preparation with no difference between randomized groups (P¼0.88). We agree that this is a limitation of our study but given the few resources available to us it was simply not possible for us to collect data of either complete diet or 24-h urine for precise estimates of sodium and potassium intake.
In conclusion, this study has reinforced the overall findings of the China Salt Substitute Study regarding the likely benefits of salt substitute-based blood pressure lowering on major vascular events and suggests that the immediate effects of salt substitute on vascular disease could be reliably estimated using measured effects on peripheral blood pressure attributable primarily to volume depletion and the long-term beneficial effects may come also from the reduction in arterial stiffness. In the meantime, salt substitute is a practical low cost alternate or complement to drug therapy for blood pressure control that would be practical and affordable for many in rural China. Nonoptimal blood pressure levels are a leading cause of disease burden in rural China and the reductions achieved with the widespread use of salt substitute would be substantial. [33] [34] [35] Beneficial effects of salt substitute on blood pressure 36 in conjunction with clear evidence of mortality benefits in large drug-based trials of blood pressure lowering 37 serve to highlight the huge potential for reducing the cardiovascular disease burden in the rural Chinese setting with this under-utilized intervention strategy.
